The packing of all ten isomers of di(bromomethyl)naphthalene is analysed; nine of the structures were determined here, one (the 1,8-isomer) was already known. The 1,5-and 2,6-isomers display crystallographic inversion symmetry and the 2,7-isomer mirror symmetry through the central bond. For the 1,2-, 1,7-and 2,7-isomers, the bromomethyl groups point to the same side of the ring system, and for all other isomers to opposite sides. As expected, the molecules are linked into aggregates by various types of interactions: weak hydrogen bonds CH···Br, Br···Br interactions, CH···π contacts, π ···π stacking and Br···π contacts. The weak hydrogen bonds tend to be numerous but relatively long, and do not combine to form readily recognisable patterns; a more readily assimilated view of the packing is based on the Br···Br interactions, which are observed for all isomers except 1,7 and 2,3, and in some cases lead to aggregation to form quadrilaterals or chains. With decreasing frequency, the interactions π ···π, C-H···π and Br···π are observed, but the latter are rare (just two examples) and very asymmetric, with contacts to only one or two carbons.
Introduction
Di(bromomethyl)naphthalenes are important substrates in the synthesis of naphthalenophanes and dithianaphthalenophanes, and also of other cyclic compounds from which various polyaromatic compounds can be obtained, such as dibenzoperylenes, benzoScheme 1.
0932-0776 / 10 / 0400-0433 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com pyrenes or coronenes [1] . 2,6-Di(bromomethyl)-naphthalene has recently been found to have high crosslinking activity in DNA [2] .
Di(bromomethyl)naphthalenes can be obtained by direct bromination of appropriate naphthalene dimethyl derivatives. Another, much safer synthetic method (avoiding the use of elemental bromine) relies Table 1 . Details of molecular geometry (Å and deg).
a Beginning with the lower-numbered bromine; b cis/trans = both bromine atoms on same/different sides of the ring system. The first two carbon atoms are chosen clockwise in the ring system, starting from C1 at top right; c quoted from the original publication or calculated from the published coordinates [10] ; d by symmetry.
on the use of the N-bromosuccinimide (NBS) reagent which provides bromine radicals. In this way, suitable bromine derivatives can be obtained with high yields, and cumbersome purification procedures can often be avoided. Our studies of interactions in the solid state between bromine atoms and other constituents of various molecules have led to the synthesis of a series of bromine derivatives reported in [3 -8] ; cooperation with different partners involved a similar study of bromomethylated mesitylenes [9] . Continuation of these efforts resulted in the synthesis of all the isomers of di(bromomethyl)naphthalene (Scheme 1), which were subjected to crystallographic analysis. The structure of 1,8-di(bromomethyl)naphthalene has been reported [10] , and is refcode BRMNAP in the Cambridge database [11] . The remaining compounds are known from the literature [12] but their crystallographic data were not available.
The isomers (Scheme 1) are numbered as compunds 1 -10 in the Experimental Section and the Tables, starting with the 1,2-isomer, in the order "1,nisomers then 2,n-isomers for increasing n".
Discussion
The molecular structures are depicted in Figs. 1a -10a. Except for molecules with imposed symmetry, standard naphthalene atom numbering is used; the bromomethyl substituent at the lower-numbered ring carbon is C9-Br1 and that at the higher-numbered carbon is C10-Br2. All compounds crystallise centrosymmetrically (seven in P2 1 /c or its alternative setting P2 1 /n) with no more than one molecule in the asymmetric unit. Brief optical investigations revealed no crystals of strikingly different habit that might correspond to other polymorphs; no systematic attempts to grow further polymorphs were made.
The 1,5-and 2,6-isomers display crystallographic inversion symmetry and the 2,7-isomer mirror symmetry through the central bond (here C5-C6 in crystallographic numbering). Selected molecular dimensions are summarised in Table 1 . Bond lengths and angles may be regarded as normal, e. g. the shorter bonds C1-C2, C3-C4, C5-C6 and C7-C8 in the naphthalene framework, the C-Br bond lengths (1.973 -1.988Å) and C-C-Br angles (109.8 -112.5 • ). For the nine new structures reported here, the naphthalene ring systems are essentially planar (the largest mean deviations are 0.025Å for the 1,3-isomer and 0.026Å for the 2,7-isomer, both attributable to a slight folding of the molecule by ca. 3 • about the central C-C bond). In contrast to the already reported structure of the 1,8-isomer [10] , the disubstitution pattern that displays by far the worst steric crowding, there are no further distortions of the naphthalene geometry. All absolute C-C-C-Br torsion angles lie in the range 75 -108 • , which means that the planes of the C-C-Br units are approximately perpendicular to the ring planes, with the bromine atoms 1.6 -2.0Å out of the plane; however, they may lie both on the same side of the ring system (1,2-, 1,7-and 2,7-isomers) or on opposite sides. In the 2,3-and 1,8-isomers, with vicinal or effectively vicinal substitution, the latter pattern may lead to short intramolecular H···Br contacts (see below), as was pointed out for the 1,8-isomer by the original authors in terms of "electrostatic attraction" [10] ; in more modern terms, these may be regarded as weak hydrogen bonds.
The main interest in the series of structures centres on the packing. In principle, up to five kinds of secondary interaction might be expected: weak hydrogen bonds C-H···Br as mentioned above (Table 2), Br··· Br interactions (Table 3) , C-H··· π contacts, π ··· π stacking and Br··· π contacts. In the following discussion, ring 1 comprises the atoms C1, C2, C3, C4, C4A and C8A, ring 2 the atoms C5, C6, C7, C8, C4A and C8A. The centroids of these rings are Cg1 and Cg2. For structures possessing only one independent ring, this is ring 1 and the centroid is Cg.
The model for Br··· Br interactions is that there is a positive area in the extension of the C-Br bond, with which a second C-Br δ − group may then interact via its negative region cylindrically surrounding the bromine atom. Accordingly, one C-Br··· Br angle should be ca. 180 • and the other ca. 90 • , corresponding to a type II interaction by the description of Desiraju and coworkers [13] ; type I contacts, thought to represent less significant "packing effects" with at best a weak interaction, have approximately equal angles and are often formed across symmetry elements.
Some preliminary comments are in order. None of the intermolecular C-H··· Br contacts is very short (all > 3Å, cf. sum of van der Waals' radii 3.05Å). However, we have noted that the sum of several borderline interactions, which we have loosely termed "tertiary interactions", may represent a significant contribution to a stable packing pattern [14] . The nominal limit chosen here for H···Br distances is ca. 3.17Å, but some slightly longer contacts have been included because of apparent structural relevance; conversely, some contacts within this limit have been ignored because the angles are too narrow. Similar limits for Br··· Br and C-H··· π contacts are ca. 4.1Å and 2.9Å, respectively. C-H distances are not normalised. In view of the large number of potential interactions, it is seldom the case that a small number of stronger interactions dominate the packing, and the choice of a hierarchy of interactions may therefore be subjective.
In the packing of the 1,2-isomer (Fig. 1b ) the bromine atoms occupy the regions x ≈ 0, 1, . . . and are involved in six C-H··· Br and two Br··· Br interactions. The latter do not correspond well to either ideal type, but are closer to type II, and thus probably corre- spond to fairly weak interactions (consistent with the Br··· Br distances, which are appreciably longer than the double van der Waals' radius 3.7Å). The molecules associate across inversion centres to form approximate squares of bromine atoms (angles 87, 93 • ), connecting the molecules to form layers parallel to the crystallographic yz plane (Fig. 1b) ; only one of the H···Br contacts (H9B···Br2) is involved in this layer and is not shown in Fig. 1b . The layers at x ≈ 0 and x ≈ 1 interdigitate via the remaining H··· Br interactions and also via a π ··· π interaction between pairs of ring systems related by the inversion operator 1 − x, 1− y, 1− z, with Cg1 ···Cg1 3.80Å (vertical 3.39Å) and Cg1 ···Cg2 3.75Å (vertical 3.40Å). Finally, there is one borderline C4-H4···Cg2 interaction (H···Cg2 2.96Å, angle 135 • , operator x, −y + 3 /2, z + 1 /2). The overall packing is complex, but is included for completeness as Fig. 1c , in which the general features of the packing can be recognised.
The packing of the 1,3-isomer (Fig. 2b) is also quite complex, although involving thick double layers (one per x axis repeat) rather than a three-dimensional pattern. The clearest substructure is a double chain of molecules parallel to the z axis (horizontal in Fig. 2b) , linked by the only Br··· Br interaction (type I, via z axis translation) and by a π ··· π interaction via the inversion centre 1 − x, 1 − y, 1 − z, with Cg1 ···Cg1 3.63Å (vertical 3.29Å), clearly recognisable e. g. in the centre of the cell. This substructure is supported by the shortest five of six C-H··· Br contacts to form a double layer. The long Br1···Br2 contact (4.11Å) between adjacent chains is probably of little relevance and is excluded from the Figure. The double layers are connected in the x direction by the sixth C-H··· Br contact and by the C9-H9···Cg1 interaction (H···Cg1 2.61Å, Fig. 3a . The molecule of the 1,4-isomer (3) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. angle 127
• , operator −x, 1 − y, 1 − z); these too are not shown in the Figure. The packing of the 1,4-isomer (Fig. 3b) is conceptually much simpler but still quite complex to view because it forms thick layers (one per x axis repeat). There are only three C-H··· Br contacts and only one Br···Br interaction, which, despite its being very short, is a type I interaction by symmetry. The structure is however easier to comprehend if it is viewed as a thin slice perpendicular to (1 01) (Fig. 3c) . It is easily seen that the Br···Br interaction combines with H9B···Br1 to form a ribbon parallel to the short y axis. Two more unusual contacts can also be seen: first, within the ribbons, from H9B to the midpoint of C7-C8 (2.72Å, interpretable as a peripheral H··· π interaction); secondly, a Br2···C6 contact between adjacent ribbons of only 3.422(2)Å, with an angle of 169.16 (7) • . It is tempting to suggest that this is an incipient and highly asymmetric Br··· π interaction. Fig. 4a . The molecule of the 1,5-isomer (4) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. Only the asymmetric unit is numbered. The inversion-symmetric molecule of the 1,5-isomer, packs so as to form a layer structure parallel to the xy plane in the regions z ≈ 0, 1 /2, etc. (Fig. 4b) . Molecules are linked by one C-H···Br, two long Br··· Br (type I) and one Br···π interaction. The bromine atoms form zigzag chains parallel to the y axis with angles of 67.99 (2) • and lie in the regions x ≈ 0, 1, . . . for the layer pictured (but at x ≈ ± 1 /2, . . . for adjacent layers). The acceptor of the Br···π interaction is the midpoint of the bond C3-C4 rather than the ring centroid (Br··· midpoint 3.47Å, angle 176
• ); the linearity is consistent with the interaction of a π cloud with the positive extension of the C-Br bond. Three H···Cg distances involving the hydrogens at C6 lie in the range 3.04 -3.15Å, but two of them have angles less than 110 • . They are not included in the Figure. The packing of the 1,6-isomer is three-dimensional, but the three shortest Br··· Br contacts (of four) and the shortest H··· Br contact (of three) combine to form strongly corrugated ribbons with overall direction parallel to the z axis (Fig. 5b) . The bromine atoms assemble in the regions z ≈ 0, 1, . . . , to form exactly planar rhombi consisting of two almost equilateral triangles with a shorter common edge Br2···Br2. Two of the interactions are type I and one (Br1···Br2 3.9749(4)Å Fig. 5a . The molecule of the 1,6-isomer (5) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. -not the shortest!) is type II. The ribbons overlap (e. g. in the centre of the cell) with contacts Cg1 ···Cg2 3.82Å (vertical 3.43Å) and Cg2 ···Cg2 3.88Å (vertical 3.43Å).
The 1,7-isomer has surprisingly few contacts. The packing diagram (Fig. 6b) shows the ribbons paral- Fig. 6a . The molecule of the 1,7-isomer (6) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. lel to the x axis that are formed by the two shortest H··· Br contacts, both involving the methylene group at C9 (one via x axis translation, one via inversion forming rings of graph set R 2 2 (6)). Within the ribbon the rings overlap significantly via x axis translation, with Cg1 ···Cg2 3.75Å (vertical 3.40Å) and an interplanar angle of 1 • . There are no Br··· Br contacts < 4.2Å. The only short C-H··· π contact of 2.9Å has a narrow angle (112 • ).
The 1,8-isomer [10] displays one short Br··· Br interaction of classical type II, which combines with three of the four H··· Br contacts (excluding H10B···Br2) to form thick layers parallel to the yz plane (Fig. 7b) at x ≈ 1 /4, 3 /4 , etc. Within the in- Fig. 7a . The molecule of the 1,8-isomer (7) in the crystal. The coordinates published in ref. [10] were used but the numbering scheme was changed to be consistent with this paper; furthermore, C-H bond lengths, which showed appreciable scatter, were normalised to 0.99Å for methylene and 0.95Å for aromatic hydrogen atoms. Atom radii are arbitrary. dividual layers (at x ≈ 1 /8, 3 /8, 5 /8, 7 /8 ) the molecules are hexagonally packed and the Br··· Br contact (via the c glide plane) links molecules to form chains with overall direction parallel to the z axis. Fig. 8a . The molecule of the 2,3-isomer (8) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. The 2,3-isomer forms double layers parallel to the xz plane in the regions y ≈ 0, 1 /2, etc. (Fig. 8b) . These involve the four shortest H··· Br contacts. Within the double layers, Cg1 ···Cg2 contacts of 3.92Å (vertical 3.40Å) across inversion centres may be relevant, although the offset is quite large at 1.95Å. Between the double layers, two C-H··· π contacts via the c glide operator are striking (Fig. 8c) . Within the individual layers (at y ≈ 1 /8, 3 /8, 5 /8, 7 /8 ) the molecules are hexagonally packed. There are no Br··· Br contacts < 4.3Å.
The inversion-symmetric 2,6-isomer contains only one independent bromine atom, but this is involved in no fewer than three (only two independent) Br··· Br Fig. 9a . The molecule of the 2,6-isomer (9) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. Only the asymmetric unit is numbered. and four H···Br interactions. The shortest Br··· Br contact (via the 2 1 screw axis) is a typical type II interaction and connects the molecules to form layers parallel to (102) (Fig. 9b) . In the zigzag chains of bromine atoms thus formed (overall direction parallel to y) the Br···Br··· Br angle is 80.88(1) • . The bromine atoms occupy the regions x ≈ 0, 1, . . . ; the view parallel to the short y axis (Fig. 9c) gives an impression of the large number of secondary contacts in these regions.
The packing of the mirror-symmetric 2,7-isomer is very similar to that of the 2,6-isomer. The shortest Br···Br contact (via a 2 1 screw axis parallel to z) is Fig. 10a . The molecule of the 2,7-isomer (10) in the crystal. Ellipsoids represent 50 % probability levels; hydrogen atoms are drawn as spheres with arbitrary radii. Only the asymmetric unit is numbered. again a typical type II interaction and connects the molecules to form corrugated layers parallel to the yz plane (Fig. 10b) . In the zigzag chains of bromine atoms (overall direction parallel to z) the Br···Br··· Br angle is 82.98(3)
• . The bromine atoms occupy the regions y ≈ 0, 1 /2, 1, . . . ; the view parallel to the short x axis (Fig. 10c) shows the secondary contacts in these regions.
Attempts to summarise and generalise the packing features for all ten isomers reveal limited similarities. As might be expected, all structures display a number of C-H···Br interactions (from two to six, depending how the criteria are defined). The defining feature of the molecular packing was expected to be the presence of Br··· Br contacts, and these indeed appear in all but two of the structures. However, the distances are variable (3.5 -4.1Å) and the shortest do not necessarily correspond, as one might have expected, to type II contacts, which are more readily interpreted as genuine interactions. Indeed, the shortest contact (in the 1,4-isomer) is definitely type I, whereas some of the longest (e. g. in the 1,5-isomer) seem to have important structure-determining roles. In some cases, the bromine atoms aggregate, thereby forming quadrilaterals in the 1,2-and 1,6-isomers, but chains in the 1,5-, 2,6-and 2,7-isomers. The importance of the C-H··· Br and Br···Br contacts is shown by the formation of regions, often at the cell boundaries, in which these contacts are concentrated. With decreasing frequency, the further types of interaction π ··· π (unsurprising in view of the dominance of naphthalene rings), C-H··· π and Br··· π are observed, but the latter are rare (just two examples) and very asymmetric, with contacts to only one or two carbon atoms. One may conclude that the observed packing patterns seem to be logical but would be difficult to predict in detail; however, in view of the limited number of degrees of torsional freedom (effectively only one, the position of the bromine atoms displaced to one or both sides of the ring system), these systems might pose an interesting challenge to structure-predicting programs [15] .
Experimental Section
All isomers (for compound numbering see Scheme 1) were obtained from the corresponding dimethylnaphthalene derivatives by radical bromination with NBS in carbon tetrachloride. Physical and chemical data of the compounds obtained were in agreement with reference data. Selected NMR and other data are summarised below, because in the original publication [12] much of this information was necessar- (12) 7.6841 (4) 4.4636 (4) 9.5217 (6) 11.1544 (8) 10.0457 (11) b,Å (2) 133 (2) 133 (2) 133 (2) 133 (2) 133 (2) 133 (2) 133 (2) 133 ( 
